The mechanical properties of eukaryotic cells are to a great extent determined by the cytoskeleton, a composite network of different filamentous proteins. Among these, intermediate filaments (IFs) are exceptional in their molecular architecture and mechanical properties. Here we directly record stress-strain curves of individual vimentin IFs using optical traps and atomic force microscopy. We find a strong loading rate dependence of the mechanical response, supporting the hypothesis that IFs could serve to protect eukaryotic cells from fast, large deformations. Our experimental results show different unfolding regimes, which we can quantitatively reproduce by an elastically coupled system of multiple two-state elements.
The eukaryotic cytoskeleton is a crucial determinant of many cellular properties, including cell mechanics. Three types of filamentous proteins, microfilaments (MFs), microtubules (MTs), and intermediate filaments (IFs) interact with numerous cross-linking proteins and molecular motors, and the emerging composite network spans the whole cell [1] . Whereas MFs and MTs are conserved across tissues and organisms, IFs are expressed in a cell-type specific manner and 70 different IF coding genes have been found in humans [2] . Interestingly, IFs have recently been found to play a direct role in cell mechanics [3, 4] . All cytoskeletal IFs share a tripartite monomer structure consisting of an α-helical "rod" domain and intrinsically disordered "head" and "tail" regions [see Fig. 1(a) , top]. The molecular assembly of IFs follows a strictly hierarchical path, including lateral assembly into dimers, tetramers, and unit length filaments (ULFs), followed by longitudinal annealing leading to 10 nm diameter filaments that can be many μm long, as shown schematically in Fig. 1(a) , bottom.
IFs show interesting mechanical properties [2, [8] [9] [10] such as high flexibility, with a persistence length of few μm [11, 12] and extreme extensibility [13, 14] . Both properties originate from the open molecular architecture of the filaments. The extensibility of different IFs has previously been measured by lateral stretching of adsorbed IFs using atomic force microscopy (AFM) [13] [14] [15] and force-strain curves for vimentin dimers and tetramers have been modeled by molecular dynamics simulations [16] . The AFM experiments have revealed that IFs can be extended up to 3.6 times the original length before they rupture. However, it is in the nature of the measurement that the filaments may be imaged before and after stretching, but not in situ during the process. Since the filaments are stretched laterally and interact with the substrate during the extension a precise and quantitative assessment of the elastic properties could not be achieved.
Here, we directly probe the loading rate dependent mechanical properties of individual vimentin IFs under physiological buffer conditions using optical traps (OT) and AFM to stretch the filaments along their long axis up to a strain of 3.5. A strong loading rate dependency of the mechanical response is found and explained by an elastically coupled system of multiple two-state elements.
Human vimentin C328A with an additional cysteine at the C-terminus was recombinantly expressed in E. coli and purified from inclusion bodies [17] . Labeling with ATTO647N-maleimide (AttoTech GmbH, Siegen, Germany) or biotin-maleimide (Jena Bioscience GmbH, Jena, Germany) was performed according to Ref. [18] with minor changes for the biotin labeling. The biotin-labeled vimentin and any remaining free biotin were separated by 2× elution over PD25 Miditrap columns (GE Healthcare Freiburg, Germany). In the first run, the column was equilibrated with a labeling buffer and eluted with a storage buffer (buffers according to Ref. [18] ). In the second run the column was equilibrated and eluted with a storage buffer. The protein concentration was monitored by measuring the absorption at 280 nm (Nanodrop ND-1000, ThermoScientific Technologies, Inc.,Wilmington, USA). Labeled and unlabeled vimentin was stored at −80°C [12, 18] . Prior to assembly into filaments, the vimentin protein was dialyzed stepwise into a 2 mM sodium phosphate buffer, pH 7.5 [12] . Assembly was performed at a vimentin concentration of 0.2 g=L by dialysis into a 2 mM sodium phosphate buffer, pH 7.5, containing 100 mM KCl (assembly buffer), at 37°C over night [19] . About 2% of the monomers were ATTO647N labeled and about 15% were biotin labeled. Before OT and AFM measurements, vimentin filaments were diluted 1∶1000 and 1∶10 with assembly buffer, respectively. OT measurements were performed with a setup combining optical traps, a confocal fluorescence microscope, and a microfluidic system (LUMICKS, Amsterdam, Netherlands) [20, 21] [ Fig. 1(b) ]. Streptavidincoated polystyrene beads (4.5 μm, Spherotech, Inc., Lake Forest, IL, USA), filaments, and buffer were flushed separately into the microfluidic channel by air pressure. Because of laminar flow, the three solutions did not mix in the channel part where the measurements were executed. Every measurement was started by capturing two beads with the OTs. By moving the microfluidic device with respect to the OTs, filaments were attached to the beads and moved into the buffer channel. Subsequently stopping the flow ensured that only one filament was attached between the two beads, as controlled by imaging (see movie in the Supplemental Material [22] ). Filaments were stretched to a maximum force of about 800 pN with different loading rates, varying from 0.05 to 4.5 μm=s.
AFM experiments were performed using a commercial instrument (MFP-3D Bio, Asylum Research, Santa Barbara, CA, USA). Vimentin filaments were attached to a freshly cleaved mica surface by physisorption. Cantilevers (MLCT, Bruker, Billerica, MA, USA) were calibrated using the thermal noise method; spring constants were found to be 50 to 60 pN=nm. Stretching was performed by catching the freely fluctuating end of only partly attached vimentin filaments with the cantilever via physisorption and repeatedly displacing the cantilever from the mica surface with a loading rate of 5 μm=s. A final force of about 8 nN was reached without breaking the filaments.
The raw data (force-distance curves) are processed by selfwritten MATLAB code to obtain force-strain curves for every filament. The strain is defined as ϵ ¼ ΔL=L, where ΔL is the difference between the length of the extended filament and the length of the filament L. The unstretched length L is measured at the largest measured force before reaching 5 pN. The individual experimental data sets are shown in Fig. 2 (thin lines), where each color represents one loading rate, altogether covering 2 orders of magnitude. The averages of the measured curves are calculated using a MATLAB TOOLBOX written by Carlos J. Dias applying the theory described in Refs. [23, 24] , and are represented by the thick colored lines.
In the individual OT data sets, three different regimes can be discerned. Comparison of our data to literature suggests that the steep linear increase at low strain represents the elastic stretching of the α-helical domains [16, 25, 26] , whereas during the second plateaulike regime, starting at a strain of about 0.1, the α helices are uncoiled and β sheets are formed instead [16, 25, 27] . In the third regime a clear stiffening with respect to the plateau region can be observed which, according to simulations [16] , might be due to increased pulling on the β sheets. Previously, it has been shown that cells are indeed able to resist strains in the same order of magnitude as reached here [8] .
Furthermore, we observe a clear loading rate dependence of the force-strain curves. With increasing loading rate the force value of the plateau region increases and strain range of the plateau regime decreases. Whereas the strain at which the plateau is reached does not change much between the loading rates, the strain at which the stiffening starts decreases with increasing loading rate.
To describe the force-extension curves of vimentin filaments in the strain range accessible by OT we adopt an elastically coupled two-level model introduced by Rief et al. [28] . In brief, the filament is modeled as a system of entropic springs coupled to an elastic element [ Fig. 3(a) ]. Each monomer can assume different states with distinct lengths and energies, in case of vimentin a shorter α-helical ground state of length l α and an extended β sheet of length l β . It is known that the vimentin monomer consists of three α helices, which are assumed to react independently to the applied force and are indicated by subscripts (i ¼ 1, 2, 3 corresponding to the 1A, 1B, and 2 domain) in the following. The α helices switch stochastically into a β-sheet conformation following force-dependent Bell-Evans kinetics.
This approach allows us to obtain the number N β;i of monomers with β-sheet conformation ðdN β;i =dtÞ ¼ ðN 0 − N β;i Þk 0;i exp ½Fx u;i =ðk B TÞ, where the ith subunit is in the extended state. Here, the total number of monomers arranged in series is N 0 ¼ N α;i þ N β;i , the zero-force transition rate of the respective three subunits is k 0;i , and their potential width is x u;i . In the vimentin filament, on average 32 monomers are arranged in parallel. We assume that parallel monomers are captured by this model by decreasing the potential width x u as described by Friddle et al. [29] . x u;i is, therefore, an apparent value dependent on the number of parallel monomers. The contour length of the filament is L c ¼ N 0 l 0 þ P i ðN β;i l β;i þ N α;i l α;i Þ, where l 0 is the combined length of the linker regions. We use the equivalent Freely Jointed Chain (eFJC) model with the Kuhn length L K , which gives a good description in the force range observed experimentally [30] , to model the entropic behavior of the filament under stress (see Supplemental Material [22] for a more detailed description of the model).
In combination with an effective spring constant k eff , which includes the elastic behavior of the filament as well as the spring constant of the AFM cantilever or the OT, we obtain an expression for the time-dependent force F for a linear extension of the filament with constant loading rate v:
Equation (1) is solved analytically for F using the numerical solution for the rate equation and fitted to the data. The model describes the experimental data remarkably well [see Fig. 3 (b) for an example fit to an OT data curve]. To reduce the number of fit parameters, l α;i and l β;i are estimated from structural data [5] [6] [7] : l α;1 ¼ 5.4, l α;2 ¼ 13.8, l α;3 ¼ 20.9, l β;1 ¼ 12.6, l β;2 ¼ 32.2, l β;3 ¼ 48.7, and l 0 ¼ 29.7 nm. k 0;i is set to k 0;i ¼ 3.3 × 10 −5 s −1 , as found by Rief et al. for the unfolding of α-helical spectrin repeats [31] . All experimental data curves are fitted individually with independent starting parameters. We find multiple local minima, i.e., sets of parameters able to describe all different experimental curves with little variance (see Supplemental Material [22] ). The parameter set with the lowest variance is (mean AE SD)x u;1 ¼ 0.09 AE 0.04,x u;2 ¼ 0.12 AE 0.04, andx u;3 ¼ 0.18 AE 0.06 nm. The effective spring constant of the filament was found to bek eff ¼ 0.22 AE 0.06 pN=nm, corresponding to a Young's modulus E ¼ k eff ðL=πr 2 Þ≈ 27 AE 10 MPa, and a persistence length of L P ¼ Eπr 4 = ð4k B TÞ ≈ 3.3 μm. Here, we include that the spring constants of the OTs and the AFM (1.23 and 50 pN=nm, respectively) are large compared to k eff . Given that the radius r ≈ 10 nm of the filament enters the persistence length with a power of 4, this result is in very good agreement with previous measurements of L P [11, 12] . The average of all individual fits for each loading rate in the same strain range as the curves of the averaged experimental data sets is shown as black lines in Fig. 2 . The OT setup provides superior control over the experiment due to the simultaneous imaging modality and the microfluidic chip. However, the maximum forces reached are on the order of 800 pN, and Fig. 2 clearly shows that the maximum strain is not yet reached at these forces. Previous AFM experiments have shown that rupture of the filaments occurs at a strain of about 2.6 [13] , whereas the maximum strain reached in our OT experiments is 1.5. Therefore, we compare force-strain curves obtained by OT with AFM data, as shown in Fig. 4 . The open circles represent the average curve of all AFM measurements, including the standard deviations as error bars in direct comparison to the OT data (solid symbols) at a similar loading rate. In the AFM experiment the filament is stretched between the AFM tip and a mica surface, providing less control over the orientation of the filament compared to a filament trapped between two beads. Therefore, the variance of force between the individual filaments is higher than for OT data. However, the average curves of both experiments overlap remarkably well in the lower force regime, confirming that we measure the response of individual filaments in the AFM experiments. Additionally, the AFM measurement allows us to apply forces up to 8 nN and, therefore, to reach a strain of up to 3.5, albeit, still without breaking the filaments. For lower strains AFM force-strain curves replicate the three stress regimes found in the OT experiments. At larger strains, however, two additional regimes are observed: a second flat region with only little change in force at strains between 1.25 and 2, and a third linear regime at strains greater than 2 is found. A second force plateau has been predicted by molecular dynamics simulations, where it was assigned to sliding between dimers within a tetramer [16] .
In combination, OT and AFM measurements provide a precise and quantitative approach to the force-strain relationship for individual vimentin IFs. The data can be well described up to a strain of 1.2 by an elastically coupled system of multiple two-state elements supporting the hypothesis that subsequent stochastically independent unfolding of α helices into more extended β-sheet structures is responsible for the first force plateau and is thereby contributing to the remarkable extensibility of these filaments. When a critical force defined by k 0 and x u is reached [32] , the filament extends very rapidly leading to a force plateau as observed in the experiment. It is necessary to assume an independent reaction of the three α-helical domains in the rod to capture the change in plateau length between force curves at different loading rates while keeping l β;i fixed at the values known from structural data. The preferred order in which the three subunits unfold is governed by the potential width x u;i : The subunit with the largest potential width shows the strongest coupling to the applied force and has therefore the highest probability to unfold first. Interestingly, our fits indicate a high preference that coil 2 (corresponding to i ¼ 3) opens up first. The reason could be the so-called stutter region which is found precisely six heptads spaced from the C-terminal end of coil 2 in all IF types [33, 34] . At this position the heptad repeat, characteristic of coiled coils, is disrupted, either due to three missing or four extra amino acids [33, 35] . Notably, this defect does not compromise the coiled-coil geometry, but leads to an almost parallel run of the two α helices [34, 36] and, therefore, changes the angle between the direction of the applied force and the direction of the bonds that break during the stretching process [26] . Thus, the stutter region is less stable than an intact coiled coil and might be the reason why coil 2 responds most sensitively to applied forces. From a biological point of view this is in agreement with the hypothesis that IFs act as a "safety belt" for cells [16] ; that is, they are easily deformable and thus mechanically almost not detectable at slow deformation but stiff and therefore preserving the cell shape at fast deformation. This aspect is reflected in the shortened plateau regime (see Fig. 2 ) at higher loading rates. At slow deformation, the filaments can be extended to about twofold their original length (strain of 1) at a comparatively low force. When pulled on faster, however, already at a strain of 0.5, increased forces are necessary for further extension. Our numerical model implies a simple mechanism for this observation based on the independent unfolding of the three individual coils forming the monomer. Forces as strong as applied by AFM here occur rarely in nature; therefore, the second nonlinear regime may be interpreted as a controlled failure mechanism, allowing the filament to withstand extreme forces and large deformation.
Our data agree well with previous molecular dynamics simulations [16] , not only with regard to the different observed regimes in the force-strain curve, but even concerning the numerical values for strains, even though Qin [37] , are arranged in parallel. In our model we assume that both monomers in series and in parallel arrangement react independently. It is, however, expected that the monomers elongate in a coordinated way. Future experiments involving more sophisticated imaging in parallel to the mechanical stretching may help to approach these aspects.
In conclusion, our experimental results support the hypothesis that IFs provide strength to cells under large deformation and that unfolding enables them to absorb large amounts of energy [34, 38] . During a slow deformation, vimentin acts as a very soft material, while a faster deformation shortens the plateau region and leads to a "stiffening" of the filament. More generally, the force-dependent switching between α helices to β sheets as well as breaking of lateral bonds between individual subunits can be understood in the light of molecular bond-breaking taking place on different levels of hierarchy in soft biological matter, as recently, shown by Kurniawan for the blood protein fibrin [39, 40] . Thus, we believe that our study of individual cytoskeletal IFs will help to further quantify the underlying physical phenomena of soft matter mechanics.
